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SURFACE AND BOTTOM MAGNETIC SURVEY IN THE
AREA OF THE BERMUDA RISE

INTRODUCTION

The Navy, as part of its antisubmarine warfare effort, has long been engaged in making
magnetic field measurements at sea. Because of the high sensitivity of the instruments
in use, the nature of environmental background noise has been particularly important.
There are three major categories of noninstrumental interference which are of current con-
cern: (a) ocean wave noise, (b) ionospheric or geomagnetic noise, and (c) geological noise.
Both wave and geomagnetic noise are genuinely time dependent, but geological noise, caused
by features fixed in the sea floor, depends on the speed of the detector. The periods for
wave noise fall in the range of 10 s or less; short period waves are generally of low ampli-
tude and their magnetic contribution is small, but low-amplitude, long-period waves produce
signals which appear in our records as an increase in background noise. Geomagnetic noise,
except for diurnal variations, has periods of the order of a few minutes. Geological noise
arising from bottom features ranging from 1 km to, say, 100 km in width, is well separated
in time from other noise sources when measured from a ship, but it falls squarely in the
10-1000 s range when observed from a 200 knot aircraft. It is therefore indistinguishable
from geomagnetic noise in the airborne case, and both tend to interfere with submarine
signatures. The use of gradiometer techniques can minimize the effects of geomagnetic
noise, but geological noise is not so easily removed. It is desirable to identify those areas
of the ocean where sea-floor geology interferes with efficient magnetic detection so that
other techniques might be used. To make such an identification, magnetic records are
taken from ship-towed instruments in selected areas to allow us to study geological noise
without the masking effects of geomagnetic noise. The measurements are made by towing
a sensor close to the sea floor and another at the surface. The bottom record shows
geological features quite clearly, with geomagnetic noise appearing only as a perturbation.
In the surface record, the two appear with comparable magnitudes but different periods.
The bottom record is mathematically scaled to the surface (upward continuation), and
thus the geological component in the surface record can be identified and separated.

This report deals with one such survey carried out in the waters adjacent to Bermuda.
Both magnetometers used were of the resonance type, and the sampling rate was normally
10 s. This served to cut out noise arising from wave action in light to moderate seas,
and we were able to gather a great deal of information on the distribution and extent of the
sea-floor anomalies.

EQUIPMENT

The deep magnetometer was one of NRL design, towed at a depth of 4000 to 5000
m. The surface instrument was a commercial marine magnetometer (Geometrics Model
G-801) towed about 300 m aft of the ship, the USNS MIZAR (T-AGOR-11). A 43-digit
data acquisition system was used to record on 7-track magnetic tape the fields read by both

Manuscript submitted August 16, 1973.
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magnetometers as well as the outputs of a 24-hr clock, a fiducial counter, and the settings
of a series of numerical thumbwheel switches on which were entered the Julian day, lat-
itude, longitude, and water depth. As noted above, all inputs were recorded every 10 s,
with the switch readings reset at half-hour intervals. In addition to the tape recording
system, two strip-chart recorders presented the magnetometer outputs in real time. This
not only provided us with a visible record as the data were being gathered, but also
furnished a backup system in case the digital equipment failed to function properl[y.

SURVEY TRACK AND PRELIMINARY OBSERVATIONS

The surface magnetometer was deployed during the trip to the operations area, and
its output shows clearly the differences between the magnetic quiet zone which lies off
the North American continental shelf and the more active area in the vicinity of Bermuda.
Figure 1 shows the magnetic record from 34053'N, 72038'W, to 32031'N, 66010'W, a
distance of about 650 km. The transition from "quiet" toI "noisy" can be seen to be
fairly abrupt, with the magnetic variations in the noisy area running 100-300 y in
peak-to-peak amplitude and 8-12 km in width. The steady downward trend in the back-
ground field is part of the worldwide variation of the earth's field.

The operating area itself consisted of a rectangle composed of the three Marsden
squares bounded by 330N, 650W, 320N, and 680 W, lying immediately west of Bermuda.
The tracks followed are shown in Fig. 2. The deep magnetometer was not deployed at
all times; the tracks where both it and the surface magnetometer were used are shown
as solid lines, and where the surface instrument alone was used the lines are dotted. The
square closest to Bermuda contains the highest density of tracks because we felt that
small-scale anomalies would most likely occur close to the island.

DATA TREATMENT

The main body of bottom data, which consisted of digital magnetic field readings
recorded as a function of time, was first converted to field vs distance with the necessary
corrections and smoothing and then incorporated into an upward continuation program
and compared with surface data taken at the same time. The results of these calculations
are discussed in the first part of the next section.

The surface data were treated in two ways. A magnetic chart of the area was con-
structed to provide an overall view of the fixed magnetic features detectable at the surface.
This is presented after the deep data section. Then, since the presence of anomalies less
than 10 km in width was of special interest, Fourier analysis was used on several magnetic
records to reveal the presence of any such structures. Eight such magnetograms and their
spectra are described and presented.

In Appendix A a discussion of two different methods of filtering the data, with
examples, is presented. Such a process is necessary to identify features in a particular
wavelength band. Further, with such information at hand, such sorting procedures as
counting the number of features of a certain wavelength or amplitude in a given record can
be carried out.
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--- TOP ONLY
TOP AND BOTTOM

Fig. 2 -Tracks followed in operating area. Surface
and bottom data were taken along solid tracks; sur-
face data only were gathered on dotted tracks.

RESULTS AND CONCLUSIONS

Deep Data

The magnetic field close to the ocean bottom was measured along the tracks shown
in Fig. 2. The depth of the deep magnetometer was determined by the use of a pinger
(Benthos Model 2213) clamped to the towing wire 100 ft above the magnetometer. The
magnetometer was towed at a fairly constant depth of 4 km below the surface, or about
1 km above the bottom for this area. It lagged the ship by about 2 km at the towing
speed used. Precision of measurement, estimated from the variation of the individual
magnetic field measurements, was generally better than ±5 y. The surface magnetometer
was in operation throughout the deep magnetometer measurements.

Figure 3 shows a set of near-bottom data together with the corresponding surface
data. The deep-field oscillations are considerably larger in amplitude, but the wavelengths
present are roughly the same. In order to estimate the detection limits of the deep system
we can assume that about 1/2 km of sediment overlies the bottom basalts in this area. This
means that the deep magnetometer was being towed about 1.5 km above the magnetic base-
ment. If we combine the detection sensitivity given above with the maximum likely
amplitude of a sinusoidal bottom anomaly, 1000y, we can calculate from potential theory
that such an anomaly would be detectable at 1.5 km only if it were more than 1.8 km in
wavelength. For a more realistic amplitude of 500y, the wavelength necessary for detection
increases to 2.1 km. The traces in Figure 3 indicate no features smaller than about 10 km,
excluding those attributable to changes in course or speed.

The same analysis can be applied to fields detectable at the surface, 5.5 km above
the magnetic sources in these waters. A sinusoidal anomaly of 1000y and 4 km wavelength
gives a surface field of 0.177; a similar 1 km anomaly is undetectable. The geological
magnetic noise measured at the surface in this area can therefore be considered quite
negligible in the 1-4 km wavelength range.
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ALERS, BERGIN, AND GREENEWALT

Figure 4 shows the deep magnetic field continued upward by the method of Hen-
derson and Zietz* if we assume a two-dimensional field. Data points were shifted forward
(right) 2 km to account for the lag of the deep magnetometer relative to the ship and
surface magnetometer, and the field has been reduced in absolute value by 100y (the
dipole gradient here is about 25 y/km) for comparison with the surface field. The agree-
ment between the fields is generally good, considering the not necessarily correct assumption
that the field sources are two dimensional. Differences between the upward continued
deep field and the surface field may in part be due to time changes in the earth's field,
which are not only altered by the layer of seawater between magnetometers, but are also
reduced by the process of upward continuation where they appear in the deep field. Most
of the differences between the fields shown in Fig. 4 are probably due to course and speed
changes, which appear to cause variations in the surface field. Some of these changes are
marked in the figure. The difficulties involved in studying short-wavelength variations by
means of surface measurement alone should be fairly clear. Significant variations at the
surface may be as low as a few hundredths of a gamma, a value below the sensitivity of
most instruments. The noise, however, which may be due to ship maneuvers or temporal
variation of the field, is three orders of magnitude larger than the signal of interest. If
short-wavelength spatial anomalies are to be investigated, it is necessary to measure them
close to their origin.

Magnetic Chart

To summarize all of the surface magnetic data taken in the Bermuda area, a magnetic
chart was prepared to show magnetic structure as a function of position (Fig. 5). To
accomplish this, the navigation data taken at half-hour intervals throughout the trip were
combined with the magnetic field strengths recorded on the analog record. In locations
where the field changed rapidly, readings were taken more frequently and the positions
interpolated.

Navigational fixes were made by use of Loran-C and the satellite navigation system.
The fixes used for the chart were, in general, Loran fixes; satellite information was used to
correct the Loran data from time to time during the trip. The discrepancies between
the two fixes were rarely more than 1.5 mi and were usually smaller.

The fields as plotted are the so-called residual fields, that is, the observed field minus
the earth's background field as calculated from the 1965 International Geomagnetic
Reference Field (IGRF). The diurnal correction was introduced somewhat more empiri-
cally. The earth's magnetic field exhibits a diurnal variation because of charged particles
from the sun entering the ionosphere. The maximum variation takes place at local noon
at any given point on the earth's surface, and the total perturbation lasts about 4 hr. We
were able to construct a chart of diurnal variations for each day from a partial record
obtained from a land-based magnetometer we placed ashore in Bermuda and from the
magnetograms recorded by observatories in Puerto Rico and Fredericksburg, Va.t The
amplitude of these variations on otherwise quiet days amounted to about -50 y, and the
records used to produce the chart were corrected accordingly. The overall effect was
comparatively small.

*R.G. Henderson and I. Zeitz, Geophys. 14, 517 (1949).
tThe magnetograms from the Fredericksburg, Virginia and the San Juan Magnetic Observatory were

provided by the Magnetics Division, Naval Oceanographic Office, and through them from the Environ-
mental Data Service, National Oceanographic and Atmospheric Administration, Boulder, Colorado.
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650
133'

32 1 X I I 1 320
680 670 66° 65°

Fig. 6 - Tracks selected to show typical surface magnetograms in the area

The main magnetic feature in the entire area is associated with a small seamount lo-
cated at 320 44'N, 66008'W. The peak (residual) field reading at this point is +7,y, the
only positive reading recorded. The rest of the area runs some 20 0-500y below the IGRF.
An additional feature is the line of anomalies running WNW from about 65040' to 66030',
a system which includes the seamount. Data are not extensive enough to identify this
with a larger fracture zone, but the configuration is suggestive. A strong negative trend
is apparent in the southeastern corner of the area, but the bottom rises rapidly near the
banks southwest of Bermuda itself, so such behavior is not surprising.

Sample Magnetograms

Figures 7-14 present typical surface data gathered on tracks distributed throughout the
area. Each one represents a straight track located as shown in Fig. 6. The fields are
residual, obtained by subtracting the IGRF from the fields actually measured. In addition
we present the results of the Fourier analysis of each magnetogram in order to show the
amplitude distribution of the anomalies as a function of wavelength. It appears that
the strongest anomalies have the longest wavelengths. This is because such anomalies
present a uniform field to the detector over a distance that is long compared to the
detector-sea-floor distance. Short-wavelength anomalies, on the other hand, are due to
successive stripes magnetized in opposite directions, and when the width of each stripe
is comparable to the water depth, the resultant field seen by a surface detector is greatly
diminished. It is for this reason that deep-tow magnetic data are important in determining
the level of short-wave geological noise to be expected in the deep ocean.

Since the water depth in this area is of the order of 5 km except near Bermuda itself,
the surface magnetic peaks observed below this wavelength should not be considered as
due to geological sources; the bottom record indicates this clearly. The signals at the lower
wavelengths are actually dependent on time rather than distance and on each field-vs-
wavelength curve a distance-time equivalence figure is given, as determined by the ship's
speed on that track. Track 4, for example, was run in heavy seas, and the noise level for
that track is correspondingly high; high-speed runs, as in Track 5, also tend to increase
background noise. On the other hand, Tracks 6, 7, and 8 show peaks around 1 km as
well as a higher level of noise in the 1- to 10-km range which we attribute to sideways
motions of the ship. Its speed, 1 knot, was so low that it periodically lost steerageway.

9
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Fig. 7a - Residual field vs distance for Track 1
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Fig. 13a - Residual field vs distance for Track 7
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Despite the absence of short-wavelength geological features, the Bermuda area should
be considered moderately noisy, magnetically. For comparison, we include in Figs. 15a
and 1b a set of surface data taken on another trip in the quiet zone (36"N, 700 W). The
day was magnetically quiet and the sea calm. The results show that the geological features
present are lower in amplitude and longer in wavelength than those around Bermuda. The
major source of noise was probably due to motions of the transducer at the towing speed
of the ship, 8 knots.

All of the data taken on this cruise are recorded on magnetic tape and are readily
available for further calculations.
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Appendix A

TWO TECHNIQUES FOR STUDY OF THE SHORT-WAVELENGTH
FEATURES OF THE MAGNETIC FIELD

J. M. Bergin

BACKGROUND

One objective of our program is to study those variations of the total surface magnetic
field which occur over a distance of a few kilometers. These variations will generally be
small in amplitude, and it is necessary to separate them from the much larger variations
that occur over longer distance scales. We can accomplish this separation by filtering the
data. In this section we compare two techniques of filtering to determine their relative
merits. Before proceeding with the discussion of filters we will first comment on the
form of our data.

The measurements consist of values for the total surface and deep magnetic fields at
equally spaced time intervals along the ship's track, position fixes at various time intervals
for the ship, and a few auxiliary quantities which will not play any role in the present
discussion. Our measurements of the surface field are made approximately 200 m
beneath the ocean surface, while the deep field is measured at a depth of a few kilometers.
We deal with the surface field alone in this section, although the general methods are
equally applicable to any field measurements. Since we want to study the wavelength
content of the magnetic field, the primary observations of field vs time are converted to
field vs distance along the ship's track through use of the position data, which is known
as a function of time.

The resulting data of magnetic field vs distance may contain errors associated with
observational errors in the position data. In addition, geomagnetic noise and field
variations caused by oceanic wave motion introduce errors into the field data. The major
components of geomagnetic noise occur in the distance data at long wavelengths outside
the range of interest, but there will undoubtedly be some contribution to the short
wavelengths. Magnetic variations caused by oceanic wave motion are limited to the vicinity
of the ocean surface and generally will amount to at most a few gammas. We do not dis-
cuss these sources of noise any further in this section, but rather move on to a description
of methods for determining the wavelength content of the data. To study the short-
wavelength behavior of the magnetic field, we want a numerical technique that operates
on the original field-vs-distance data and yields a set of "filtered" values of field vs
distance in which variations with wavelengths outside some specified range of interest have
been suppressed.

There are essentially two approaches which can achieve such filtering of the original
data. We designate these two approaches as local filtering and global filtering. In the
local method of filtering, the filtered value for a particular position along the track is
obtained by averaging a small portion of the original data located in the vicinity of the
given position. This local method would seem to correspond to the electrical filtering of
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data by airborne sensors whose purpose is to locate magnetic anomalies. Global filtering,
on the other hand, utilizes the entire set of data values for generating each value of the
filtered series.

LOCAL FILTERING

We now present the basic mathematical procedure for local filtering. Holloway (Al)
gives a detailed treatment of the procedure. Suppose that our magnetic field data consist
of N values M(), j = 0,1,..., N-1,determined at equally spaced distance intervals AX.
Then the filtered data M () are given y the sum

Q

M(J) 3 w(k)M(j + k) j = Q,Q + 1, .. .,N-Q-1 (Al)

in which the weights w(k) are defined in terms of the continuous filter function W(x)
by w(k) = AX W(kAX). The frequency response function defined by

QAX

R(f) = { W(x) exp (27rifx) dx (A2)

provides information about the effect of the filter on a component of frequency f occur-
ring in the original data M(j). In particular if the original data have a component of
frequency f and amplitude A, then the amplitude of this component in the filtered data
is R IA. Thus, those frequencies for which the magnitude of the response function R(f)
is zero or extremely small are effectively absent from the filtered data.

The technique of local filtering we shall employ is to process the original data with
a low-pass filter with response function R1 to remove very high frequencies and then to
process the filtered data with a high-pass filter with response function R 2 to remove very
low frequencies. The resultant effect of these two operations is to subject the original
data to a band pass filter whose frequency response function is given by the product
R1 R2 .

The filter functions have the form

W(x) = - 1 + os X -QAx < x Qx (A3)
2QAx Q Ax/

Application of Eq. (A2) leads to the response function

sn27rf ( 2)A4

(f) = 2w2f ( 1- (2Qf)2 /

in which the frequency appears in cycles per data interval. This response function -is plotted
in Fig. Al. Since the response function effectively vanishes at high frequencies, we see
that Eq. (A3) represents a low-pass filter. The parameter , which is related to the
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number of data values used to construct a filtered value, determines the range of frequen-
cies passed by the filter. In an actual calculation a value for must be found to achieve
the desired attenuation of the high-frequency components.

-'1.0

z'0
z

D

zU- 0.5-
0

a:0
U. 0 1 2 3 4

DIMENSIONLESS FREQUENCY (21f)

Fig. Al -Frequency response function for a low-pass filter. The fre-
quency f is in cycles data interval. The parameter Q is an integer related
to the number of data points used to irorm a filtered value; Q also deter-
mines the width of the filte..

The high-pass filter we employ has a frequency response function equal to 1-R, where
R has the general form given by Eq. (A4). Different values of the parameter are used for
the low-pass and high-pass filters. The problem of selecting an appropriate value for the
parameter Q is more critical for the high-pass filter than it is for the low-pass filter because
the amplitudes of the low-frequency components we want to remove are usually quit-
large compared to the amplitudes of those components we want to retain. Thus, we re-
quire a rapid decrease of the frequency response function at low frequencies.

In Fig. A2 we show the frequency response function for a bandpass filter constructed
from filter functions of the form given in Eq. (A3). We shall apply this bandpass filter
to data for which one data interval = 0.033 km. From the figure we then determine that
the responses function equals 0.5 at wavelengths approximately equal to 0.33 and 5.3 km.
Wavelengths outside this band are attenuated in varying degrees as indicated by the behavior
of the response function; thus we can regard the above wavelengths as approximately
defining the passband of the filter.

We shall apply local filtering to the data plotted in Fig. A3a. This figure shows values
of the total magnetic field as a function of distance along the track plotted in Fig. A3b.
There are 2160 values of the magnetic field at a spacing of 0.033 km. The change in
course shown in the bottom right-hand corner of Fig. A3b produced the large oscillation
in field values located just before the 20-km mark in Fig. Aa. This oscillation arises because
the field variation with distance along a track is highly dependent on the orientation of the
track relative to contour lines of the total magnetic total field. Although this large amplitude
oscillation is artificial, it does simulate the effect a seamount might have, and we shall
find it instructive to examine what effect the two filtering methods have on this large
amplitude oscillation.

22



NRL REPORT 7645
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0.25

Fig. A2 - Frequency response function for a band pass filter. For the data to
which this filter is applied, 1 data interval = 0.033 km. The wavelength band
lies in the approximate range of 0.5-3 km.
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When the bandpass filter of Fig. A2 is applied to the data of Fig. A3a we obtain the
results shown in Fig. A4. It is clear from the behavior of the filtered data in Fig. 4 that
residual oscillations of large wavelength, greater than 10 km for example, remain in the
filtered data. These residual oscillations have amplitudes much larger than the amplitudes
of components lying within the passband of the filter and, consequently, tend to obscure
the latter components. The fact that local filtering of the data fails to completely remove
components outside the passband of the filter represents a further disadvantage of this
method of filtering.

20

10-

0 1 60 _ _ _ _ _

0 A20 40 'Vl 80
DISTANCE (KM)

w-o-10-

U

Z-2C -
I

-30 -

-40-

-50

Fig. A4 - Result of applying the band-pass filter of Fig. A2
to the data shown in Fig. A3a.

The largest peak in the filtered data occurs just before the 20-km mark and is asso-
ciated with the course change. We note that this peak has a wavelength of approximately
3 km while the original anomaly produced by the course change has a wavelength of
about 10 km. This demonstrates that large amplitude variations of long wavelength can
produce short-wavelength oscillations of significant amplitude in the filtered output. We
shall find later that this statement applies to the global method of filtering as well.

It is of some interest to determine what effect the bandpass filter has on a specific
short-wavelength feature present in the data. To accomplish this we artificially introduced
into the original data of Fig. A3a an anomaly consisting of one oscillation of a sine wave
having an amplitude of 5y and a wavelength equal to 1 km. The modified data are shown
in Fig. A5 with the artificial anomaly located at a distance of 47.5 km. When we apply
the bandpass filter to the data of Fig. A5 we obtain the result shown in Fig. A6. The
artificial anomaly is much more distinct in the filtered data. We note that its amplitude
and-wavelength are essentially unchanged by the filter. The anomaly no longer occurs
at 47.5 km because of the nature of the filtering operation; in effect, the curve in Fig.
A6 should be translated to the right by about 2.8 km to have distances correspond with
those appearing in Fig. A5.
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IC L

ARTIFICIAL ANOMALY

40
DISTANCE (KM)

Fig. A5 - Data of Fig. A3a modified by the inclusion of an artificial
anomaly. The anomaly consists of one wavelength of a sine wave
having an amplitude of 5 and a wavelength of km.
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Fig. A6 -Result when the data of Fig. A5 is passed through
the band pass filter shown in Fig. A2.
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GLOBAL FILTERING

We now present the essentials of a method of global filtering based on the discrete
Fourier transform, which we shall abbreviate DFT. The DFT method will be seen to rep-
resent an ideal band pass filter in the sense that components with frequencies outside the
band of interest can be entirely removed from the data. We first give the basic relation-
ships of the DFT that will be needed in our discussion of global filtering.

Let M(j), j =0, 1,..., N-1 again represent N values of the magnetic field measured along
a track in such a way that the data values are at equally spaced distance intervals Ax.
We shall assume, for convenience, that the number N of data values is even. The first
step in the method involves the calculation of the discrete Fourier transform of M(j). The
DFT is defined by

N-1
A(n) . I M(j) exp (-2irinj/N) (A5)

j=0

in which n 0, 1, ... , N-1 and denotes -i. The inverse of the DFT in Eq. (A5) is
given by

N-1
MU) = 3 A(n) exp (2irinj/N) (A6)

N=O

with j = 1. A, ... , N-i. It is advantageous to regard the expressions in Eqs. (A5) and (A6)
as defined for all integer values of n and j, respectively. Both expressions then become
periodic with period N. The DFT and its inverse are easily calculated on a computer with
the use of the fast Fourier algorithm developed by Cooley and Tukey (A2). For a dis-
cussion of the discrete Fourier transform and the computational algorithm we refer the
reader to Cooley, Lewis, and Welch (A3).

Our data always consist of real values for M(j), and this implies that the A(n) appear-
ing above must satisfy

A(2 + n) = A*(§-n) (A7)

for n = , 1, ..., N/2. The asterisk designates complex conjugate. Equation (A7) allows
us to write Eq. (A6) in the form

N12
2irnj 2irnj

M(j) = A(o) + 3 (2 Re A(n) cos-N -2 Im A(n) sin-,N (A8)
N=1

where te prime on the sum indicates that the term for n = N/2 must be halved. The
real and imaginary parts of A(n) are designated by Re A(n) and Im A(n). Equation (A8)
represents the discrete data M(j) as a sum of periodic terms, much as the Fourier series
development represents continuous data on a finite interval. The following table indicates
the frequency, wavelength, and amplitude associated with each term of the representation
in Eq. (A8).
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Table Al
Frequency, Wavelength, and Amplitude of Each Fourier Component

ueofn| Dimensionless Amplitude of
Value of n frequency Frequencyt Wavelength component

|= = (cyc/data interval)

10<0 0 0 00 L(o)I

°< n < 2 IA(n) I2 N NAx M
N 11
2 2 2 2AX LA(N/2)I

tAx = distance increment between field readings.

The highest frequency present, 1(2Ax), is the Nyquist cutoff frequency and is caused by
sampling at finite intervals. A plot of the amplitudes with respect to wavelength would
provide the amplitude spectrum of the data M(j). Similarly, other types of spectral plots
can be constructed from the information in the table.

The procedure in global filtering is as follows. First, we select a sequence of values
M(j) of the magnetic field whose wavelength structure we wish to examine. Let us assume
that we are interested in the wavelength range N1 to A2 , (where A1 < X2). We then calculate
the DFT of the data M(j) so that we now have available the coefficients A(n). Each A(n)
is associated with a definite wavelength as indicated in the table above. For each A(n)
we determine if its associated wavelength A(n) lies within the wavelength band N1 to N2
of interest. If X(n) does not lie in the band we set A(n) = 0. Those A(n) whose wave-
lengths are in the band N1 to N2 are left unchanged. Once this procedure has been com-
pleted, we calculate the expression in Eq. (AS) (or equivalently Eq. (A6)) using the new
set of coefficients A(n). This provides us with our filtered data AT(j). Since we have set
the amplitude of each component with a wavelength outside the band N1 to N2 equal to
zero, it is clear that our filtered data iiW(j) contain only those wavelengths that lie in the
band of interest.

The reason for calling this technique global filtering stems from the fact that each of
the coefficients A(n) depends on the entire sequence of data values M(j), as is clear from
the form of the expression in Eq. (A5). Thus, in order to calculate each value of the
filtered data 2VT(j) we must use the entire sequence of original data M(j).

Figure A7 shows a plot of the amplitude spectrum of the data of Fig. A3a. The spec-
trum was calculated using the DFT described above. We should point out that for N data
values, N even, the DFT generates N/2 spectrum values. We joined the spectrum values
by straight lines in the figure to provide a more definite visualization of the nature of the
spectrum.

In Fig. A8 we show the data of Fig. Aa after it has been filtered by the global
method with a wavelength band of 0.5 to 3 km. Figure AS is to be compared with Fig.
A4, which represents local filtering of the same original data for approximately the same
wavelength band. Clearly the global or DFT method removes the longer wavelengths
outside the hand, whereas local filtering leaves residual variations in these longer wavelengths.
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Fig. A7 - Amplitude spectrum of the original data shown in Fig. A3a.
Spectrum values are joined by straight lines to emphasize the nature
of the spectrum.
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Fig. A8 - Result of applying the global method of filtering to the
original data shown in Fig. A3a. The wavelength band passed by the
filter extends from 0.5-3 km. The peaks at the beginning and end of
the record are artifices of the mathematical method.
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The major feature at about 20 km in Fig. A8 arises from the change in course shown in
Fig. A3b. We again find that this feature with a wavelength of approximately 10 km
contributes to the short-wavelength structure of the filtered data.

We should point out that the peaks at the beginning and end of the plot in Fig. A8
are due to the mathematical method of the DFT which assumes that the given data rep-
resent a periodic function of distance. This usually means that discontinuities in the be-
havior of the function occur at the beginning and end of the data record. These discon-
tinuities often lead to the presence of large-amplitude, short-wavelength oscillations of the
type we see in Fig. A8 at the beginning and end of the record. Thus, we must regard such
behavior as an artifice introduced by the mathematical method rather than as a consequence
of the true behavior of the magnetic field. As a matter of routine, in processing the
field data, we subtract from the original data the International Geomagnetic Reference
Field and a linear field to make the final data value equal the initial data value. The
subtracted fields are of no interest for short-wavelength structure, and the removal of the
linear field tends to reduce the end effects.

Figure A9 shows the result of filtering the data given in Fig. A5 by the global method,
with the wavelength band from 0.5 to 3 km. It will be recalled that Fig. A5 is a plot of
the original data modified by the inclusion of an artificial anomaly (one oscillation of a
sine wave with a 5y amplitude and a 1-km wavelength) at a distance of 47.5 km. Figure
A9 is to be compared with Fig. A8, which shows the result of filtering the original data
when the artificial anomaly is absent. We see that the amplitude and wavelength of the
anomaly are essentially unaffected by the filtering operation and that good resolution of
the anomaly is achieved. We can also compare Fig. A9 with Fig. A6, which shows the
result of filtering the same data by the method of local filtering. Resolution of the anomaly
is approximately the same for both methods as far as the present data are concerned.

SUMMARY

These results indicate that the global method of filtering based on the discrete Fourier
transform has the following definite advantages over the local method of filtering.

1. The global method removes those components whose wavelengths are outside the
band of interest and retains the correct amplitudes of the remaining components. On the
other hand, the local method of filtering does not entirely remove those components not
of interest and, in general, alters the amplitudes of all components.

2. Programming the global method for a computer is relatively simple, since subroutines
are available for the rapid calculation of the discrete Fourier transform. To achieve good
results with the local method it is necessary to have detailed information about the data
so that values for certain parameters of the band pass filter can be properly selected. The
selection of these values makes the local method somewhat difficult to apply.

3. In the global method the results of the calculation of the discrete Fourier transform
can be used to compute power spectra, amplitude spectra, or other related quantities of
possible interest.

We therefore selected the global method of filtering as the appropriate method to
employ for the study of short-wavelength structure of the magnetic field.
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Fig. A9 - Result of applying the global method of filtering to the data
of Fig. A5, which contains an artificial anomaly. The wavelength band
passed by the filter extends from 0.5-3 km.
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